ADDITIONAL INDEX WORDS. bulb, cut flower, Lilium ·elegans SUMMARY. Soilless substrates enhance growing environment, nutrient content, and water quality in the growing medium. The objective of this study was to assess the influence of substrate particle size on growth and flower quality (flower number and length per plant) of two asiatic hybrid lily (Lilium ·elegans) cultivars Fangio and Ercolano. Plants were grown in 12-L pot under greenhouse conditions. Five grades of particle-size substrate, consisting of granulated volcanic material (tuff) were used as treatments. These sizes were 0 to 2, 0 to 4, 0 to 8, 2 to 4, and 4 to 8 mm. Fertigation was applied daily. Plant morphology, physiology, and flower quality were determined during flowering stage. Treatments of 2 to 4-and 4 to 8-mm tuff had lower water holding capacity (WHC), bulk density, electrical conductivity (EC), and pH compared with 0 to 2-and 0 to 4-mm tuff. In addition, plant height, leaf area, and flower quality of 'Fangio' were higher compared with 'Ercolano'. Chlorophyll content and fluorescence were similar among all treatments. Leaf fresh weight, leaf area, shoot dry weight, root dry weight, and flower quality were higher in sizes of 0 to 4-, 2 to 4-, and 4 to 8-mm than 0 to 2-mm tuff, especially those from 'Fangio'. The 0 to 4-mm substrate had an optimal and consistent flower quality results in both cultivars when compared with other tuff sizes. Overall, the results presented here suggest that using 0 to 4-mm tuff substrate holds promise for improving growth and flower quality of asiatic hybrid lily grown under soilless culture.
T he selection of a growing medium is a key factor in soilless systems (Samadi, 2011) . For successful root penetration and shoot growth, soilless substrate should have high total porosity, low bulk density, optimal WHC, and excellent stability (Deepagoda et al., 2013; Richards et al., 1986) . Water-deficit conditions can decrease nutrient uptake, reduce plant growth, and may cause plants to permanently wilt (Deepagoda et al., 2013; Hu and Schmidhalter, 2005) , and excess water conditions may reduce microbial activity, nutrient uptake, and root growth (Garc ıa et al., 2008) . Therefore, optimal water and air space management is essential to sustain a healthy rhizosphere, specifically in restricted environments, such as greenhouse containers (Deepagoda et al., 2013) .
Physical properties of substrate, such as particle size, are a key factor of growing medium selection (Bohne and Wrede, 2005) . Growing bolboschoenus (Bolboschoenus planiculmis) seedlings in homogeneoussized quartz particles greater than 3 mm resulted in lower biomass, rhizome length, and spacer length (i.e., interramet distance), compared with medium (1.5 mm) and small (0.75 mm) particle substrates (Huang et al., 2013) . Samadi (2011) grew cucumber (Cucumis sativus) using soilless system and diverse particle sizes of perlite and organic substrates. The substrate particle sizes were very coarse (2 to 3 mm), coarse (1 to 2 mm), medium (1 mm), fine (0.5 to 1 mm), and very fine (<0.5 mm). Samadi indicated that fine-grade perlite had higher fruit weight (50%), plant height (25%), and leaf area (70%) compared with very-coarsegrade perlite. Richards et al. (1986) found that sieving-off coarse pine bark particles (diameter >2 mm) improved WHC and did not significantly reduce aeration levels in the growing mixture. However, changing particle-size ratio of small (1 to 3 mm) to large (3 to 6 mm) diameter did not affect growth of hybrid bermudagrass [Cynodon dactylon · Cynodon transvaalensis (Sloan et al., 2008) ].
Proper physical properties of soilless substrate enhance plant growth and productivity (Cannavo and Michel, 2013; Deepagoda et al., 2013) . A substrate with very fine particle size normally has higher WHC and less aeration compared with coarse (well-aerated) substrate (Ingram et al., 1993) . Poorly aerated media may concentrate roots in the top portion of the container and increase the susceptibility to root rot pathogens and micronutrient deficiencies (Ingram et al., 1993) . Although air-filled porosity was found to be the highest in coarser particles, pore effectiveness coefficient (the degree of linkage between pores) was found to decrease with the increasing coarseness of the substrate (Caron et al., 2005) . Murphy et al. (2013) found that coarse substrate (particles >4 mm) inhibited growth possibly by creating excessively large pores. In fine particle substrate (relatively low air-filled porosity), oxygen deficiency in root rhizosphere might occur when plants exhibit high growth rates and intensive root respiration (Allaire et al., 1996) . Overall, particle size influences the substrate porosity, WHC, and plant growth parameters (Munoz et al., 1993 Volcanic tuff is widely used in Jordan and many other Mediterranean countries for growing cut flower plants including lily (Lilium sp.). Tuff substrate derived from pyroclastic volcanic material is characterized by high porosity and surface area. Volcanic tuff is a reliable substrate for soilless systems. It has a good acidity resistance, cation exchange capacity, and aeration (Nawasreh et al., 2015; Polat et al., 2004) . The total porosity of volcanic tuff ranges from 60% to 80% depending on its origin and the sieving/grinding process (Raviv and Lieth, 2008) . Croton (Codiaeum variegatum) that was grown in perlite and amended with volcanic tuff was able to use 29% less water and fertilizer than when grown in peatmoss-perlite medium (Karam et al., 2004) . Growing cherry tomato (Solanum lycopersicum) in volcanic tuff resulted in higher marketable yield than perlite and sand substrate (AlAjmi et al., 2009 ). However, commercial tuff particle size available for soilless agriculture ranges from £1 to 10 mm. Given that particle diameter can significantly affect substrate water availability and aeration, it is a crucial prerequisite to determine the appropriate particle size for successful plant growth in soilless system using volcanic tuff. Overall, for efficient use of volcanic tuff as a soilless substrate for lily production, it is essential to identify an optimal particle-size range that potentially improves growth and flower quality. The objective of this study was to assess the influence of tuff substrate size on growth and flower quality of two asiatic hybrid lily cultivars using soilless system in greenhouse conditions.
Material and methods
PLANT MATERIAL, GREENHOUSE SE T U P , AN D S U BS TR ATE GR ADE TREATMENTS. The study was carried out at the University of Jordan, Amman (lat. 32°0#40.4316$N, long. 35°52#20.3628$E) between Aug. and Dec. 2015. During the study, maximum temperature was 26 ± 4°C and minimum temperature was 16 ± 2°C. Two bulbs of asiatic hybrid lily cultivars Ercolano and Fangio were planted at 15-cm depth in a 12-L pot (30-cm diameter). Pots were filled with 10-L-black volcanic tuff. Tuff parent material was from Um Al-Qottain area (lat. 32°17#5.3088$N, long. 36°36#5.58$E). A layer (about 4 cm) of coarse tuff (4 to 8 mm) was placed in the bottom of each pot to facilitate container drainage. In addition, a geotextile filter membrane separated the two tuff layers (i.e., experimental and drainage layers). Five tuff grades were used. These sizes were 0 to 2, 0 to 4, 0 to 8, 2 to 4, and 4 to 8 mm. Tuff particles 0 to 2, 0 to 4, and 0 to 8 mm were screened to pass through a series of three screen sizes (2, 4, and 8 mm, respectively). For 2 to 4 and 4 to 8 mm, two screens were used (2 and 4 mm and 4 and 8 mm, respectively). Five tuff samples were collected from each treatment. Then, substrate WHC and bulk density were determined using the procedure of Brady and Weil (1996) Number of days to flowering, flower length, and number of flowers per stem were determined during flowering stage. Flowering day was the number of days from the time of planting to first bud bloom on each stem. At the end of the experiment, shoot length, leaf fresh weight, leaf area, and root dry weight were determined. Total leaf area per plant was measured using a leaf area meter (AM350; ADC BioScientific, Hoddesdon, UK). Shoot and roots were oven-dried for 24 h at 70°C to determine dry weight. Roots were washed free of substrate before oven-drying.
STATISTICAL ANALYSIS. Analyses were conducted using SAS software (version 9.4 for Windows; SAS Institute, Cary, NC). A randomized complete block design with five treatments (different tuff grades) replicated five times was used. Shoot and root morphology, physiology, substrate properties, and flower quality were statistically analyzed by the analysis of variance and means separated 
Results and discussion

S U B S T R A T E P H Y S I C A L A N D CHEMICAL PROPERTIES.
Coarse particles substrate had lower WHC and bulk density compared with finer substrate (Table 1) . For example, WHC for 0 to 2 mm (fine texture) substrate was 36% and bulk density was 1.43 gÁcm -3 . In contrast, WHC for 4 to 8 mm (coarse texture) was 12% and bulk density was 0.94 gÁcm -3 . WHC and bulk density decreased in parallel with increasing particle size, which is consistent with the results of Wallach et al. (1992) . Fine soil particles normally have higher total surface area and hold more water and nutrients compared with coarse particles (Brady and Weil, 1996) . Conversely, coarse particles have higher air-filled porosity that might improve root aeration (Drzal et al., 1999; Gizas and Savvas, 2007) . Allaire et al. (1996) found that low air-filled porosity caused oxygen deficiency in peat substrate. Moreover, fine-grade substrate has higher concentration of salts, especially at the top layer of the growing medium. In our study, EC increased over time and pH decreased over time in all treatments. The high cation exchange capacity of tuff is likely the cause of the increase in EC over time as cations are retained in the substrate. The 0 to 2-mm tuff treatment had higher EC and pH than 0 to 4-, 0 to 8-, 2 to 4-, and 4 to 8-mm tuff treatments across the experimental period (Fig. 1) . For 0 to 2-mm tuff treatment, substrate EC ranged from 3 to 3.5 dSÁm -1 measured 30-80 d after planting. Substrate pH for the same treatment (0 to 2 mm) was between 7.5 and 8.2. However, for the 0 to 8 and 4 to 8 tuff treatments, EC and pH ranged from 2.5 to 3.0 dSÁm -1 and 7 to 7.5, respectively. Although optimal pH for most crops (including lily) ranges from 6.0 to 6.5, higher pH levels (6.5 to 7.0) may not cause serious injuries (Adams, 2002; Dole and Wilkins 2005) . In fact, no signs of phytotoxicity were observed for any of the treatments over the experimental period. PLANT GROWTH AND FLOWER QUALITY. Leaf visual quality such as leaf size and greenness is a key factor Fig. 1 . Electrical conductivity (EC) and pH of five tuff (granulated volcanic material) substrate grades differing in particle size. Measurements were sampled from lily containers twice per month between Aug. and Dec. 2015. Closed and open symbols represent mean ± SE for different tuff grades; * and ** represent significant difference between tuff substrates at 0.05 and 0.01, respectively; 1 dSÁm L1 = 1 mmho/cm, 1 mm = 0.0394 inch. Numbers followed by the same letter within a column are not significantly different according to Fisher's least significant difference test (P £ 0.05).
• April 2017 27 (2) in marketing lily flowers (McKenzie, 1989) . In our experiment, tuff particle size significantly affected leaf fresh weight, leaf area, shoot dry weight, and root dry weight of 'Fangio' asiatic hybrid lily (Table 2) . However, root and shoot growth of the 'Ercolano' asiatic hybrid lily grown under different particle size was statistically similar across all tuff treatments. In addition, no significant difference in chlorophyll content (SPAD) and fluorescence was noticed between treatments across cultivars and over the experimental period (Fig. 2) . Gizas and Savvas (2007) found that rose (Rosa ·hybrida 'First Red') proved to be more tolerant to differences in the air-to-water balance than gypsophila (Gypsophila paniculata 'Perfecta') in the root zone resulting from variations in the physical properties of the substrate. In this study, tuff grade 0 to 2 mm had the lowest shoot fresh weight and leaf area in 'Fangio'. Root dry weight was lower in all tuff treatments except 0 to 4 mm in 'Fangio' (Table 2) . Fine particles reduced aeration, which was a crucial prerequisite to manage plant growth successfully with soilless systems (Deepagoda et al., 2013) . Interestingly, 'Fangio' grown in 0 to 4-mm substrate had better leaf area and shoot fresh weight than other tuff treatments.
In the cut flowers industry, flower size, number of flowers per stem, and stem length are the key elements of high-quality flowers (Burchi et al., 2010; Woodson, 1991) . In our study, 0 to 2-mm substrate reduced all flower quality parameters (Table 3) . Flower quality parameters were significantly higher in 0 to 4-, 2 to 4-, and 4 to 8-mm tuff. Interestingly, 0 to 4-mm substrate had an optimal and a consistent flower quality (plant height, number of flowers per plant, and flower length) across both cultivars (Table 3) . Gizas and Savvas (2007) found that growing gypsophila flowers in 0 to 5-mm pumice substrate had higher flower yield compared with a coarse grade, 0 to 8 mm.
Conclusions
Appropriate WHC and good aeration are important features for an efficient substrate. In our study, 0 to 2-mm substrate had higher WHC, EC, and bulk density compared with 2 to 4, 0 to 4, 0 to 8, and 4 to 8 mm. As a result, 0 to 2-mm tuff had lower shoot and flower quality than other tuff treatments. Interestingly, both 'Fangio' and 'Ercolano' grown in 0 to 4-mm substrate had an optimal and consistent shoot and flower quality characteristics when compared with 0 to 2-, 0 to 8-, and 4 to 8-mm substrates. Volcanic tuff is proving to be a reliable substrate for soilless systems compared with other soilless substrates such as perlite and sand. Volcanic tuff has high cation exchange capacity and aeration, and it can last for many years due to its stability and resistant to solubility or degradation (Nawasreh et al., 2015; Polat et al., 2004; Silber and Raviv, 1996) . Accordingly, using 0 to 4-mm substrate holds promise for improving growth and flower quality of 
